In order to obtain a large movement with high power and responsiveness, a hydrogenation operated bimetal device made of La-Ni alloy film deposited on a thin copper (Cu) substrate foil, has been successfully developed. The sample of La-Ni film deposited on the Cu thin foil exhibits about 50% larger bending displacement than that on a thick sheet of polyimide substrate within 50 s. The influence of load on bending motion has also been investigated. The moving yield of the La-Ni film deposited on the Cu thin foil is larger than that on a polyimide thick sheet.
Introduction
Advanced hydrogen storage alloys like LaNi 5 absorb hydrogen gas in such a large amount, which is 1000 times larger than the gas unite volume. 1) As a result, the unite volume of typical alloy of LaNi 5 swells 24%.
2) The volume expansion, which is affected by temperature and hydrogen gas pressure, yields a large mechanical force, 3) capable of generating plastic deformation and rupture of the 18-8 stainless steel reaction tube with its thick wall. Based on this swelling characteristic, mover composite films are expected to have many applications, while the hydrogenation of LaNi 5 exhibits pulverization because of this swelling characteristic. In earlier works, constructions with LaNi 5 powder wrapped in micro-capsule 4) or dispersed in polymer 5) have been reported. In addition, a La-Ni thin film on thick polymer substrate (125 mm thick) is also proposed to prevent the pulverization and prolong the fatigue life. 6) In the hydrogenation fatigue test, 7) almost no pulverization of La-Ni has been observed on the particle diameter smaller than 1 mm, therefore, thin film below 1 mm thickness may enable the construction of composite mover devices.
Furthermore, the effects of Pt and Pd over-layers (100 nm thick) have been demonstrated to enhance the bending responsiveness of La-Ni thin film in composite devices. 8, 9) Since the substrate thickness is strongly related to mechanical properties to the bending motion, the thinning substrate from 125 to 10 mm also enlarges the bending motion. Additionally, substrate material is also an important factor. The elasticity of copper (Cu) is 10 times larger than that of polyimide, 10, 11) therefore, a Cu thin foil substrate (10 mm thick) is expected to yield a larger bending motion than that of thick polyimide sheet (125 mm thick). 8, 9, 12) The higher stiffness of Cu prevents the elongation of the composite device length, which results in a larger displacement. In this study, therefore, in order to confirm the enlarged bending motion and responsiveness, the La-Ni film with Pd over-layer deposited on Cu thin foil substrate (10 mm thick) has been prepared and examined.
Experimental
To obtain the bending motion device with high resistance to the pulverization and fatigue, a composite thin film of LaNi film (1 mm thick) on a Cu thin (10 mm thick) substrate has been prepared by flash evaporation using pulverized LaNi 5AEx powders.
La-Ni hydrogen storage alloys are prepared by arc melting (ACM-DS01 DIAVAC Ltd.) and are subsequently annealed for the homogenization. The block sample is pulverized by several hydrogenation cycles of adsorption and desorption using ultra high purity H 2 gas (7N). The powder for flash evaporation is sieved to obtain a mean grain size of 125 mm (½1:25 AE 0:25 Â 10 À4 m) in diameter. The tungsten heater and substrate temperature are 2273 and 414 AE 19 K, respectively. The deposition time is 658 s. The base pressure is less than 1:0 Â 10 À3 Pa, and the leak rate of the vacuum chamber is 1:72 Â 10 À10 PaÁm 3 /s. The dimensions of the Cu substrate are 1:8 Â 10 À2 m in width, 1:8 Â 10 À2 m in length, and 16 AE 3 mm (1:6 AE 0:3 Â 10 À5 m) in thickness confirmed by SEM observations (JSM-6300F, JEOL).
To enhance the responsiveness of the La-Ni sample, DCmagnetron sputtering apparatus is used for the Pd deposition. A palladium thin film of 18 AE 7 nm (½1:8 AE 0:7 Â 10 À8 m) in thickness, evaluated by SEM observation (JSM 6300F, JEOL), is deposited under the conditions of sputtering potential, sputtering pressure, pre-sputtering time and sputtering time as DC200V, 1:0 Â 10 À3 Pa, 60 s and 10 s, respectively.
The chemical composition of the deposited La-Ni film is analyzed by energy dispersive X-ray spectroscopy (EDS: JSM-6301F, JEOL Ltd.) as LaNi 5AE0:1 . The crystal structure is confirmed by X-ray diffraction (TF XRD; X' Part MRD, Philips) as hexagonal polycrystalline structure.
The films are activated using ultra high purity H 2 (7N) of 60 bar in a reaction tube made of 18-8 stainless steel. Activation is performed by hydrogen absorption and evacuation both for 600 s. The temperature during the activation process is 300 K. The adsorption/desorption cycle is repeated for 30 times. The activated composite device is then transported to a reaction tube made of silica glass. After evacuation to release any remaining hydrogen in the device, the movement under different hydrogen gas pressures is monitored for 10 5 s by a video camera recorder. The movable strain (" s ) of the composite device can be calculated using following equations (1) and (2) taking the radius of curvature () at the mid point and a half thickness ( i ) of the composite device. The value is set to be the sample thickness in this work, while i is defined as the substrate thickness. 
The strain difference (Á" s ) yielded by the shape change of the composite device film before and after hydrogen gas absorption is defined as equation (2) . 4, 8, 9) Á"
Here, " s o is the initial strain before the first hydrogen absorption in the glassy reaction tube. The motion rate (dÁ" s =dt) is defined using the reaction time (t) as an indicator of motion responsiveness. The value of the responsiveness is taken to be the mean rate of bending motion at each time during the exposure to hydrogen. In this study, influence of tensile load on bending motion is also studied. Figure 1 shows optical photographs of the Pd coated La-Ni thin film (1 mm thick) deposited on Cu thin foil (10 mm thick) during the exposure to hydrogen of 1:2 Â 10 5 Pa at 300 K for different reaction times. The bending motion of La-Ni alloy film deposited on Cu thin supporting foil is higher than that on polyimide sheet. Bending motion observed from 100 to 1000 s (see Fig. 1 ) is so extremely large that the hydrogen operated composite device turns into a coil shape. A coil-like bending motion of a commercially provided Ni-Ti shape memory alloy has been also observed. 12) On the other hand, the large motion is not perfectly reversible in the present work, because the work hardening of Cu foil generates the plastic deformation during the bending.
Results

Effect of thin Cu substrate sheet on bending motion
The bending motion at 50 s of La-Ni film on a Cu thin foil is equal to that at 1000 s in case of polyimide substrate sheet.
9) The bending motion is observed to be reversible only for exposure to low hydrogen gas pressures. In order to evaluate the bending motion, quantitatively, the value of Á" s is estimated using eqs. (1) and (2). Figure 2 shows the relationship between the bending motion strain, Á"
s (see eqs. (1) and (2)), and the reaction time, t, after the exposure to hydrogen under 1:2 Â 10 5 Pa. The bending displacement at 50 s of the Pd coated La-Ni film on Cu foil (10 mm thick) is about 50% larger than that of the La-Ni film on polyimide thick substrate (125 mm thick). Since the bending motion strain at more than 50 s is so large, the eqs. (1) and (2) cannot be applied for the evaluation. Figure 3 shows optical photographs of a loaded (16.0 MPa) composite device of Pd coated La-Ni thin film (1 mm thick) deposited on Cu thin foil (10 mm thick) exposed to hydrogen of 1:2 Â 10 5 Pa at 300 K for different reaction times. The 16 MPa-loading prolongs the start time of remarkable bending motion from 10 to 100 s.
Influence of loading on bending motion
Additionally, the influence of more than 64.0 MPa loading 1000s 0s 10s 100s 50s
LaNi5 f ilm Copper thin sheet 5 mm Fig. 1 Optical photograph of bending motion of an unloaded composite device, which is driven by La-Ni hydrogen storage alloy film on Cu foil after hydrogenation until 1000 s. Fig. 2 Relationship between reaction time, t, after exposure to hydrogen under 1:2 Â 10 5 Pa and bending motion strain, Á" s , of Pd coated La-Ni films on Cu thin foil (10 mm thick) at each load, together with untreated, Pt coated and Pd coated La-Ni films on polyimide sheet (125 mm thick). 9) on the bending has been also studied, as shown in Fig. 4 . The load of 64.0 MPa is 10 4 larger than that of the device loaded by mass itself. Optical photographs of the composite device with 64.0 MPa load shown in Fig. 4 are taken in the course of the exposure to hydrogen under a pressure of 1:2 Â 10 5 Pa at 300 K for different reaction times. A large motion cannot be remarkably observed in case of the largely loaded (64.0 MPa) composite device.
Discussion
Effect of thin Cu substrate on bending motion
As shown in Fig. 1 , the large motion from 100 to 1000 s is not perfectly reversible of Pd coated La-Ni films on Cu foil. It is probably caused by work hardening of the Cu foil, which occurs due to plastic deformation during bending.
On the other hand, the initial shape of the curve form of the composite device is yielded at the deposition process prior to hydrogen exposure (see Fig. 1 ). The additional bending is induced by high hydrogen gas pressure. To confirm this mechanism, i.e. the shape change is caused by a volume expansion of the La-Ni film on Cu thin foil, the shape change is observed under two different experimental conditions, such as under hydrogen gas atmosphere and also under a helium gas atmosphere. No shape change has been observed under helium condition, therefore, we conclude that the composite device is driven by the volume expansion of the La-Ni alloy thin film operated under hydrogen gas pressures.
Both Pd and Pt coating enhance the bending motions of La-Ni alloy film on polyimide, 8, 9) as shown in Fig. 2 . Furthermore, the substrate conversion from thick polyimide sheet 9) to thin Cu foil apparently enhances the motion strain. The bending motion at the reaction time of 50 s of Pd coated La-Ni film on a Cu thin foil (10 mm thick) is about 50% larger than that of the sample with polyimide thick sheet (125 mm thick), as shown in Fig. 2 .
Since the resistance to bending motion is strongly related to the substrate thickness, thinning the substrate from 125 to 10 mm is an effective method to enlarge the bending motion. In addition, if the high stiffness of copper prevents the elongation of the length and suppresses the extensive motion, the enlargement of the bending motion by Cu thin foil can be explained, because the elasticity of Cu is about 10 times higher than that of polyimide. 10, 11) Figure 2 also shows the motion strain of the sample with and without catalytic layer exposed for 10 3 s. While a large motion is not found for the untreated sample within 10 2 s, the bending motion can be noticed after 10 2 to 10 3 s. Bending motion of the sample with palladium and platinum over-layer deposition exhibits the higher response just after the hydrogen exposure, where a large bending motion occurs from 10 2 to 10 3 s. Although both Pd and Pt coatings shorten the start points of bending motions related to incubation periods of hydrogenation for La-Ni films on polyimide sheet, 8, 9) the substrate conversion from thin Cu foil to a thick polyimide sheet 1000s 0s 10s 100s 50s 5 mm Fig. 3 Optical photograph of bending motion of 16 MPa-loaded composite device, which is driven by La-Ni hydrogen storage alloy film on Cu foil after hydrogenation within 1000 s. indicates no difference in the strain within the initial 5 s (see Fig. 2 ).
Responsiveness of bending motion
In order to evaluate the response of the bending motion, quantitatively, the strain rate (dÁ" s =dt) of the bending motion is analyzed. Figure 5 shows the changes in strain rate (dÁ" s =dt) of the La-Ni films vs. reaction time (t/s) after exposure to hydrogen under 1:2 Â 10 5 Pa. The Pd coating enhances the motion responsiveness, which is higher than those of untreated and Pt coated La-Ni films on polyimide sheet. 9) Furthermore, the substrate material conversion from thick polyimide sheet 9) to thin Cu foil apparently enhances the motion responsiveness after 10 s. The motion strain rate (30 s À1 ) at 10 s of Pd coated La-Ni film on a Cu substrate exhibits about 1.5 times higher value than the film on polyimide thick sheet (125 mm thick 9) ). As shown in Fig. 5 , the maximum values of the motion responsiveness are found at the beginning of the exposure from 2 to 5 s for all samples. Steady state reaction is not established perfectly in the initial stage of the hydrogenation reaction.
The hydrogenation after 5 s decreases the bending motion responsiveness, as shown in Fig. 5 . The responsiveness decreasing after 5 s is explained by work-hardening as well as reaction decay by the formation of hydride of La-Ni film. Figure 2 also shows an influence of initial tensile loading (16.0 MPa) on bending motion operated under the hydrogen pressure of 1:2 Â 10 5 Pa at 300 K for each reaction time. In both cases the Pd coated La-Ni composite device exhibits larger motion strain. The motion strain of 16 MPa-loaded sample at 50 s is 150 ppm smaller than that of unloaded one. The bending displacement of 16 MPa-loaded sample at 1000 s corresponds to that of unloaded one at 50 s (see Fig. 2 ).
Load dependent bending motion
Load of 16 MPa also generates the bending motion during hydrogenation after 5 s. Although a remarkable motion cannot be observed in photograph of Fig. 3 , the 16 MPa loading does not affect the initial strain of the bending motion (see Fig. 2 ). The 16 MPa-loaded sample yields the large bending motion with higher responsiveness. The load is an important factor, if any application of the device is considered. Therefore, the limits of loading should be improved.
As shown in Fig. 4 , the bending motion cannot be remarkably observed. Namely, the 64 MPa-loading tremendously decreases the bending strain during hydrogenation (Fig. 2) . The bending strain of 64 MPa-loaded sample at 50 s is equal to that of unloaded sample at 1 s (see Fig. 2) . Furthermore, the motion strain of 64 MPa-loaded sample at 1000 s is equal to the strain value at 2 s of the 16 MPa-loaded sample, as well as that at 2 s of the unloaded sample.
When the large tensile stress elongates and shrinks the inter-atomic distance parallel and vertical to tensile direction, respectively, the inter-atomic distance in La-Ni film at the maximum solubility limit of hydrogen gas deviates from the equilibrium value of the unloaded condition. This explains the decrease of the bending motion strain at the initial stage for the sample by a large loading of 64.0 MPa apparently. Additionally, this deviation may affect the hydrogen concentration in the sample to be decreased by the loading even under the same hydrogen gas pressure.
Load dependent responsiveness
In order to confirm the motion responsiveness of loaded composite device, the strain rate has been estimated. Figure 5 shows the relationships between reaction time (t/s) and strain rate of bending motion (dÁ" s =dt) of Pd coated La-Ni films on Cu thin foil (10 mm thick) at each load, plotted together with the results of Pd coated La-Ni film on polyimide sheet (125 mm thick 9) ). The Pd coated La-Ni driving film on Cu thin foil exhibits not only the high bending strain of motion (see Fig. 2 ), but also its high responsiveness (see Fig. 5 ). Furthermore, the 16 MPa-loaded sample also exhibits the high responsiveness of the bending motion.
The highest rate of motion strain is observed, when the initial reaction period is from 2 to 5 s for all samples. Furthermore, the highest value of responsiveness is also found for 16 MPa-loaded sample at the initial reaction time near 2 s. It shows that the initial increase of the strain rate of bending motion is probably attributed to the speed enhancement of mass transport of hydrogen because of the increase in the inter-atomic distance of La-Ni alloy.
After 5 s, the 16 MPa-loading slightly decreases the strain rate of bending motion responsiveness on hydrogenation (see Fig. 5 ). The strain rate of 16 MPa-loaded composite device at 50 s is 60% smaller than that of unloaded one.
On the other hand, based on the strain rate of bending motion in Fig. 5 , the 64 MPa-loading tremendously decreases the strain rate on hydrogenation. The strain rate of the 64 MPa-loaded composite device at 50 s is about 10% of that of unloaded one at 50 s and is also equal to the value at 1000 s of 16 MPa-loaded one (see Fig. 5 ). The strain rate of bending motion at 1000 s of 64 MPa-loaded composite device is about 14% of that of 16 MPa-loaded one.
Since the strain rate of bending motion of Pd coated La-Ni composite device is dominated by atom diffusivity, 9) the reaction rate during hydrogenation is mainly dominated by atom diffusivity and free energy change. Since tensile loading generally enhances the atom diffusivity, decreasing the strain rate of bending motion can be mainly explained by change in the free energy. The free energy change, which is caused by decreasing the inter-atomic distance due to loading, decreases the solubility limit of hydrogen. It probably decreases the strain rate of bending motion.
On the other hand, it is important that hydrogenation generates the slight bending motion occured with the high yield, even if the large tensile of 64.0 MPa is loading. Figure 6 shows the bending strains of the sample constructed with Pd coated film of La-Ni alloy on thin Cu foil (10 mm thick), compared with La-Ni driving film on 125 mm-thick polyimide sheet and commercially used Ni-Ti shape memory alloy wire.
12) The motion strain under loading of more than 20 MPa of the La-Ni foil on Cu thin foil is higher than that of Ni-Ti shape memory alloy, as well as the La-Ni foil on polyimide thick sheet. The composite device of Pd coated driving film of La-Ni alloy film (125 mm thick) on thin Cu foil (10 mm thick), which is operated by hydrogenation, exhibits the bending motion with high yield under loading of more than 20 MPa.
Fatigue fracture
Pulverization and fatigue fracture are serious problems to apply to practical actuators. Fine LaNi 5 particles of less than 1 mm in diameter exhibit almost no fractures even after a large cyclic number (>10 6 ) of hydrogenation and degassing. 7) Therefore, it is expected that the fatigue fracture cannot occur easily, if the film has a thin thickness of less than 1 mm.
In this study, based on SEM observations, cracking and peeling are not readily found on the composite device surface after hydrogenation and dehydrogenation for the sample with 1 mm thickness. In addition, no crack is observed in the La-Ni thin film during a fatigue test of more than 100 cycles.
Conclusion
In summary, to obtain high power actuators with high responsiveness, the bending motion of composite device driven by Pd coated La-Ni hydrogen storage alloy film deposited on a thin Cu foil (10 mm thick), which is operated by hydrogenation, has been developed.
As a result, the bending motion of the sample with thin Cu substrate foil (10 mm thick) at reaction time of 50 s is about 50% larger than that with 125 mm-thick sheet of polyimide. High responsiveness depends on the substrate material, as well as the palladium coating.
The influence of load on bending motion of the composite device has been studied. The yield of the device with the Cu foil is larger than that with the polyimide sheet, as well as that of the Ni-Ti shape memory alloy commercially used.
If the composite device can be reversibly driven by hydrogen pressure control, the Pd coated La-Ni film deposited on a thin Cu foil should be useful as a sensor and/or controller of hydrogen gas flux in various applications related to hydrogen. 
